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Iontophoresis increases the delivery of drugs across the
stratum corneum, but the pathway by which ionized
drugs transit the stratum corneum is unknown. In this
study we examined the effect of iontophoresis on the
skin barrier and the epidermal calcium gradient. Hairless
mice were subjected to iontophoresis for 5–120 min and
skin specimens were prepared for electron microscopy.
Neither positive nor negative iontophoresis affected trans-
epidermal water loss. Lacunar dilatation and partial
distention of the intercellular layers of the stratum
corneum were observed in rough proportion to applied
time in iontophoresis skin as well as control skin. Addi-
tionally, using calcium capture cytochemistry, we dem-
onstrated that both positive and negative iontophoresis
caused the disappearance of the epidermal calcium gradi-
ent with marked decrease in calcium content in the upper
epidermis. Positive iontophoresis was associated with
The cutaneous barrier to both transepidermal water loss(TEWL) and the transcutaneous delivery of drugs residesin the stratum corneum (Su et al, 1994). This permeabilitybarrier is mediated by a series of lipid lamellar membranesin the extracellular spaces of the stratum corneum (SC).
These lipid membranes are generated by the exocytosis of lamellar
bodies (LB) from stratum granulosum (SG) cells. Studies have shown
that disruption of this barrier results in a homeostatic response that
rapidly repairs the barrier. This repair response includes the immediate
secretion of LB, the increase of epidermal lipid synthesis, and the
formation and continued secretion of new LB (Menon et al, 1992b).
Recently, many studies have explored the relationship between
permeability barrier homeostasis and epidermal calcium. Menon et al
(1985), using ion-capture cytochemistry, demonstrated a calcium gradi-
ent in the epidermis with high levels of calcium in the SG layer. Lee
et al (1992) demonstrated that the loss of calcium from the upper
epidermis following barrier disruption signals the increased synthesis
and secretion of LB required for barrier repair. Moreover, the sonophor-
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increased calcium in the stratum basale and dermis,
whereas negative iontophoresis increased calcium in the
stratum corneum. Moreover, as previously shown after
barrier disruption and sonophoresis, the decrease in cal-
cium content in the upper epidermis was associated with
an increase in lamellar body secretion and the build up
of lamellar material at the stratum corneum–stratum
granulosum interface. In conclusion, iontophoresis on
the skin of hairless mice may induce the change of ionized
molecules in the epidermis, as the loss of the calcium
gradient, which causes the decrease of skin impedence,
gives charged drugs the ability to cross the skin more
easily. Also, the structural changes, such as lacunar dilata-
tion, whether they result from hydration or occlusion,
may help the transport of charged drugs across the
stratum corneum. Key words: electron microscopy/skin lipid
barrier. J Invest Dermatol 111:39–43, 1998
esis of calcium free solutions, which decreases calcium concentrations
in the upper epidermis without disrupting the barrier, also induces LB
synthesis and secretion (Menon et al, 1994). These studies suggest that
calcium in the SG layer is a key regulator of barrier homeostasis.
Iontophoresis causes an increased penetration of drugs and other
compounds into tissues by the use of an applied current through the
tissue. Iontophoresis has therefore been used for the transdermal
delivery of drugs (Burnette, 1989). The use of iontophoresis is appealing,
because it offers the possibility of the systemic delivery of drugs in a
controlled fashion and is potentially effective for any charged molecule
(Green et al, 1993). The proposed mechanisms by which iontophoresis
increases drug penetration are: (i) that the electrical potential gradient
induces changes in the arrangement of lipid, protein, and water
molecules (Chien et al, 1989); (ii) that the electric current induces pore
formation in the SC (Grimnes, 1984; Burnette and Ongpipattanakul,
1988); and (iii) that hair follicles and sweat ducts act as diffusion shunts
with reduced resistance for ion transport (Burnette and Marrero, 1986;
Lee et al, 1996). The exact pathway by which ionized drugs transit
the SC has not been elucidated.
The purpose of this study was to discover whether or not iontophor-
esis induces the functional and structural changes of the skin barrier
and the loss of calcium gradient followed by LB secretion, and also
to introduce the mechanism of iontophoretic drug delivery from
these results.
MATERIALS AND METHODS
Animals and iontophoresis Adult hairless mice were purchased from the
animal laboratory of Yonsei University and were 8–12 wk old at the time of
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study. TEWL checked by Tewameter TM210 (Courage1, Khazaka, Germany)
was measured before iontophoresis. Following anesthesia with intraperitoneal
injections of chlorohydrate, patches (3.46 cm2) containing only three drops of
distilled water (needed for electric current on skin) were attached to the flanks
of the hairless mice. The patches were then connected to the iontophoretic
power supply (6 V, 0.6 mA) and fixed with 3M Micropore tape. The control
mice with patches were not connected to the power supply. After 5, 10, 30,
60, and 120 min, the patches and power supply were removed from the
attachment sites and the skins were dried for 5 min to minimize the effect of
hydration and occlusion. TEWL was then measured and three biopsy specimens
were taken for electron microscopic examination. The first specimen was fixed
for osmium tetroxide (OsO4) post-fixation (Polysciences, Warrington, PA), the
second for ruthenium tetroxide (RuO4) post-fixation (Polysciences), and the
third for calcium-capture cytochemistry.
Electron microscopic examination
OsO4 and RuO4 post-fixation (Madison et al, 1987)
The biopsy specimens were immediately cut into 1 mm pieces and placed in a
solution of 2% glutaraldehyde, 2% paraformaldehyde, 0.06% calcium chloride,
0.1 M sodium cacodylate buffer pH 7.4. Specimens were left at room
temperature for 1 h and then refrigerated at 4°C for 18–24 h. Each specimen
was then rinsed with 0.1 M cacodylate buffer three times at 40 min intervals.
For OsO4 post-fixation, the specimens were post-fixed in 1% OsO4 (Poly-
sciences), 0.1 M cacodylate buffer in the dark (specimen vials covered with
foil). For RuO4 post-fixation the specimens were post-fixed in 0.25% RuO4
(Polysciences), 0.1 M cacodylate buffer for 45 min at room temperature in
the dark.
Calcium-capture cytochemistry (Menon et al, 1985)
The biopsy specimens were cut into small pieces (0.5 mm3) in a drop of ice
cold fixative containing 2% glutaraldehyde, 2% formaldehyde, 90 mM potassium
oxalate, 1.4% sucrose and fixed overnight on ice. The fixative was removed
and the samples post-fixed in osmium/pyroantimonate for 2 h on ice and
washed for 10 min in ice cold distilled water at pH 10. All post-fixed tissues
were rinsed in 0.1 M cacodylate buffer for 10 min, dehydrated with 50%, 70%,
95%, and 100% ethanol, respectively, and embedded in epon-epoxy resin.
Ultrathin sections were cut, double stained with uranyl acetate and lead citrate,
and examined with a Joel electron microscope. Each section was incubated
with ethylenediamine tetraacetic acid as a control.
RESULTS
Iontophoresis does not affect TEWL As shown in Table I, no
statistically significant alterations in TEWL occurred after either positive
or negative iontophoresis as well as control. After 120 min, however,
all sites, which returned to normal levels within 30 min, showed
increased TEWL compared with 5–60 min.
The changes of SC intercellular structure after iontophoresis
may be caused by hydration and occlusion Until 10 min of
iontophoresis, SC intercellular structures were not affected. Thirty
minutes of iontophoresis affected them but neither constantly nor
significantly. Positive iontophoresis for 1 h, however, caused partial
separation of the polar heads and dilated lacunae (Fig 1). Negative
iontophoresis for 1 h also showed separation of lipid bilayers and
lacunar dilation (Fig 2); but remarkable changes of lipid bilayers
themselves, such as distorsion, aggregation, and incomplete processed
pleated sheets, were not found. Longer periods of either positive or
negative iontophoresis did not produce further changes in SC appear-
ance. We did, however, observe the same electron microscopic findings
in control skin at each interval. These results indicate that the changes
of SC intercellular structure after iontophoresis might be the result of
hydration and occlusion.
Iontophoresis alters the epidermal calcium gradient and
increases LB secretion Positive iontophoresis caused the disappear-
ance of the epidermal calcium gradient with a marked decrease in
calcium concentration in the upper epidermis and an increase in
calcium content in the stratum basale and dermis compared with
normal control skin (Fig 3). With negative iontophoresis, calcium was
also decreased in the SG, but there was also decreased calcium levels
in the stratum spinosum and stratum basale. Moreover, negative
iontophoresis caused a marked increase in calcium in the SC (Fig 4).
Thus, both negative and positive iontophoresis produce a decrease in
the quantity of calcium surrounding SG cells.
Table I. TEWL in control, positive, and negative
iontophoresis skins by timea
Control patch skins Positive sites Negative sites
5 min 8.9 6 1.2 (n 5 5) 7.6 6 1.8 (n 5 5) 6.7 6 1.1 (n 5 5)
10 min 5.6 6 1.0 (n 5 5) 6.1 6 0.7 (n 5 5) 6.2 6 0.9 (n 5 5)
30 min 5.9 6 0.9 (n 5 5) 6.7 6 1.0 (n 5 5) 6.5 6 1.6 (n 5 5)
60 min 4.0 6 0.7 (n 5 3) 5.8 6 1.4 (n 5 3) 4.5 6 0.2 (n 5 3)
120 min 10.8 6 0.6 (n 5 4) 11.7 6 1.2 (n 5 4) 11.6 6 1.1 (n 5 4)
aUntil 60 min, we could not find the increase of TEWL in all conditions. At 120 min
positive and negative iontophoresis skins as well as control skins show increased TEWL,
which means that the changes of TEWL may be induced by hydration rather than
iontophoresis itself. n is the number of hairless mice. All TEWL values are mean 6 SD
(mg per cm2 per h). All controls versus all positive, p . 0.05; all controls versus all negative,
p . 0.05; all positive versus all negative, p . 0.05.
Figure 1. The structural change of SC interstices can be induced by
positive iontophoresis for 1 h, but the same changes occur in the
control. Dilatated lacunae (asterisks) are seen in SC interstices. Most lipid
bilayers are complete except for partially distended sites (double arrows). We
could, however, see the same structural changes in the control site. RuO4 post-
fixation. Scale bar, 0.2 µm.
Figure 2. The structural change of SC interstices can be induced by
negative iontophoresis for 1 h, but the same changes occur in the
control. Some separation of lipid bilayers (asterisk) and dilated lacunae (white
arrows) are seen. We did not find any remarkable differences between positive
and negative charge sites, or the control site. RuO4 post-fixation. Scale
bar, 0.2 µm.
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Figure 3. Calcium ions are pushed toward
the dermis by positive iontophoresis.
Calcium content is decreased in the SG, but
there is a increase of calcium in stratum basale
and dermis of positive iontophoresis for 1 h
(A), compared with normal calcium gradient of
control skin showing high calcium in SG and
low calcium in stratum basale (B) by calcium-
capture cytochemistry. OsO4 post-fixation,
unstained. Scale bar, 1 µm. SC, stratum corneum;
SG, stratum granulosum; SS, stratum spinosum;
SB, stratum basale; D, dermis.
Figure 4. Calcium ions are pulled toward
the SC by negative iontophoresis. Calcium
content is decreased in the SG, but there is an
increase of calcium in SC in 30 min (A).
Marked increase of calcium in the SC and
decrease of calcium in the SG and SS become
more prominent in 1 h (B) than the control and
in 30 min by calcium-capture cytochemistry.
Multiple dilated lacunae (arrows) are seen in SC
interstices. OsO4 post-fixation, unstained. Scale
bar, 1 µm. SC, stratum corneum; SG, stratum
granulosum; SS, stratum spinosum.
Previous experiments have shown that the decrease of calcium
surrounding the SG cells following barrier disruption or sonophoresis
is associated with increased LB secretion. As shown in Fig 5, the
decrease of calcium concentration in the SG layer following either
positive or negative iontophoresis is also associated with an increase of
LB secretion. This increase of LB secretion results in the build up of
lamellar material at the SC–SG interface over time.
DISCUSSION
Iontophoresis is a technique that is capable of delivering drugs
across the SC permeability barrier. Recent reports indicate whether
iontophoresis can affect human skin barrier and where the iontophoretic
drug delivery pathways exist. In summary, there were no changes of
TEWL after iontophoresis. There were, however, changes of skin
impedence in which decreased impedence means skin damage (Camel
et al, 1996; Kalia et al, 1996). The pathways of iontophoresis were hair
follicles in hairless mice and SC intercellular spaces in the absence of
hair follicles in which SC lipid lamellae interior become more accessible
to water and ions (Lee et al, 1996; Pechtold et al, 1996). In this study,
TEWL was increased after 2 h of iontophoresis but there was no
difference between iontophoresis and control skin. TEWL returned to
normal levels within 30 min. Thus, the transient increase of TEWL
may be induced by hydration by adding three drops of water to
produce the desired environment for electric current or occlusive effect
by nonpermeable carbon patch. The effect of occlusion on the water
content of the SC is relatively transitory, and typically returns to normal
levels within 15 min after removal of an impermeable wrap (Schaefer
and Redelmeier, 1996). Electron microscopy showed lacunar dilatation
and partial distention of the SC intercellular layers in iontophoresis
and control skin for over 1 h. Previously, we observed the same
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Figure 5. The disappearance of epidermal calcium gradient caused by
iontophoresis for 2 h can induce an increase of LB secretion. In positive
charged skin (A) and negative charged skin (B), marked increases of LB section
in SC–SG interspace (double arrows) and many nascent LB (arrow) in SG compared
with conrol patch applied skin are seen after 2 h. RuO4 post-fixation. Scale bar,
0.1 µm. SC, stratum corneum; SG, stratum granulosum.
structural changes after water-impermeable occlusion of normal and
tape-stripped hairless mice (Jiang et al, 1998). This finding also suggests
that structural changes of SC intercellular space come from hydration
and occlusion rather than from iontophoresis itself. Menon and Elias1
have previously proposed that the lacunae are the penetration pathways
for polar and nonpolar molecules across the SC. The dilated lacunae
could act as ‘‘pores’’ for the transit of drugs, which would be the
anatomical basis for the pore theory proposed by Grimnes (1984) and
Burnette and Ongpipattanakul (1988). We found that dilated lacunae
disappeared within at least 30 min after 1 h and 2 h iontophoresis as
well as control. Lacunar dilatation in our results, induced by water,
may play the role of transient pore indicated by TEWL.
Previous studies have demonstrated an important role for calcium
in barrier homeostasis. First, there is a calcium gradient in the epidermis
with high concentrations of calcium in the SG layer (Menon et al,
1985). Second, barrier disruption causes the loss of calcium from the
SG layer and the disappearance of the calcium gradient (Menon et al,
1992a). As the barrier repairs, the gradient returns to normal (Menon
et al, 1992b). Third, maintaining high calcium levels in the SG layer
by immersion in a solution of high calcium concentration prevents LB
secretion and barrier recovery (Lee et al, 1992, 1994). Finally, the
decrease of calcium concentrations in the SG layer by sonophoresis of
calcium free solutions stimulates LB secretion independent of barrier
disruption (Menon et al, 1994). Taken together, these data suggest that
the concentration of calcium in the SG layer regulates LB secretion.
In this study we demonstrate that both positive and negative
iontophoresis, which did not affect TEWL, alter the concentration of
calcium in the SG layer. Negative iontophoresis caused increased
migration of positively changed calcium ions through the SC, decreasing
calcium in all the viable layers of the epidermis. In contrast, positive
iontophoresis caused the movement of calcium ions from the SG layer
into the stratum basale and dermis. Thus, iontophoresis, regardless of
the charge, decreases the levels of calcium in the SG layer. We could
find the restoration of calcium gradient within 2 h at the 1 h
iontophoresis site and within 6 h at the 2 h iontophoresis site. After
the skin barrier disruption, however, epidermal calcium gradient
returned to normal after 24 h (Menon et al, 1992a). Significantly, both
positive and negative iontophoresis stimulated the secretion of LB by
the SG cells and caused the accumulation of lamellar material at the SC–
SG interface. These data provide further evidence that the regulation of
LB secretion is mediated by calcium content in the SG layer. The
mechanism by which calcium regulates LB secretion is unknown, but
previous studies have shown that the entry of calcium into the cells
via L channels and the interaction of calcium with calmodulin were
required for the calcium inhibition of LB secretion.
In summary, this study demonstrates that iontophoresis has a transi-
ently minimal effect on the skin barrier, although it mainly comes
from hydration, and induces the decrease of calcium content in the
SG that stimulates LB secretion. We hypothesize that iontophoresis on
hairless mouse skin may induce the change of ionized molecules in
the epidermis manifested by the disappearance of the calcium gradient,
which causes a decrease in skin impedence, which in turn facilitates
the transport of charged drugs. Furthermore, the structural changes
such as lacunar dilatation, whether they result from hydration or
occlusion, may accelerate the transport and supply the pathway of
charged drugs by iontophoresis across the SC.
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